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In situ generation of hydrogen in photo-electrocatalytic cells shows promise as a 
portable, efficient, and reliable energy source for expeditionary naval operations. 
Although several methods are currently used to generate hydrogen, photocatalytic water-
splitting stands out due to its ability to provide hydrogen through solar energy 
conversion, a clean and renewable method. It is believed that the efficiency of the 
photocatalytic process could be greatly enhanced by doping the surface of the photo-
anodes with transition metals. This research aimed to generate TiO2 nanoarrays doped 
with thin (5–30nm) layers of nickel for future application as the anode in photo-
electrocatalytic cells (PEC). Nanoarrays were prepared using anodization in an 
electrolyte bath, which consisted of ammonium fluoride, ethylene glycol, and deionized 
water. The Ni-TiO2 samples were annealed in air or inert atmospheres to produce 
crystalline structures. Ni-doped TiO2 nanoarray surface morphology, composition, and 
microstructure were characterized using X-ray diffraction, scanning electron microscopy, 
energy dispersive spectroscopy, and transmission electron microscopy. The annealed 
nanoarrays consisted of nickel (or nickel oxide) layers on top of a crystalline anatase 
array. The introduction of Ni/NiO decreased the reflectivity of TiO2 arrays up to a 40%, 
and it is expected to significantly enhance the material’s photocatalytic activity. 
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In situ generation of hydrogen in photo-electrocatalytic cells shows promise as a 
portable, efficient, and reliable energy source for expeditionary naval operations. 
Specifically, the ability to generate hydrogen within military platforms where it is used, 
removes the challenge of onboard hydrogen storage [1].  
Hydrogen has been nationally recognized as an alternate fuel since the Energy 
Policy Act of 1992, which declared the need for a focus on renewable energy in both 
federal and state initiatives [2]. Since this public legislation, progress has been made in 
the research and development of hydrogen as a renewable fuel source. There are several 
different approaches to hydrogen production, which can be categorized into one of the 
following general processes: thermochemical, electrochemical, and photo-
electrochemical [3]. All of these methods share the common challenge of balancing the 
cost of production with the amount of hydrogen generated. According to the review work 
of Haryanto et al., thermochemical steam reforming processes, which involve the 
harvesting of hydrogen from natural gases, coal, methanol (etc.), make up over 90% of 
the United States’ hydrogen production [3]. Despite their widespread use, 
thermochemical processes release greenhouse gases into the environment [4]. Recently, 
electrochemical and photo-electrochemical processes have been studied to produce 
hydrogen in a clean and renewable fashion. 
Electrochemical processes generate hydrogen from the splitting of water, which is 
fundamentally the separation of hydrogen and oxygen atoms from water molecules. The 
Gibbs free energy for this reaction is positive, meaning that in order for it to proceed, a 
catalyst is necessary. Researchers have experimented with many different catalysts for 
water electrolysis ranging from amorphous films to metal complexes [5], [6].  
In the case of photo-electrochemical processes, the catalyst used is solar energy in 
the form of visible light. A photo-electrocatalytic cell (PEC) can be built to achieve 
hydrogen evolution from water in a portable apparatus. The example of a device in 
2 
Figure 1 shows a system involving a photo-electrocatalytic cell (PEC) in conjunction 
with a fuel cell.  
 
Figure 1.  PEC Integration with Fuel Cell for Energy Generation. 
As Figure 1 suggests, the electrical energy produced during the final stage (at the 
right of the figure) was created using only solar energy, making such a system 
environmentally sensitive. The PEC would be used to generate hydrogen through water 
electrolysis driven by solar energy from sunlight (or a visible light source) [7]. This 
hydrogen could be generated during a time when solar energy was readily available 
(during the hours of natural sunlight) and then stored for later use. The fuel cell would 
then be able to integrate the stored hydrogen as well as the oxygen byproduct from the 
PEC reaction and produce water and electrical energy. Figure 2 demonstrates the 
hydrogen production within the PEC. 
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Figure 2.  Illustration of Hydrogen Production within PEC. 
Within the PEC, as shown in Figure 2, there is an anode, which serves as a 
photocatalyst, and a cathode, which is reduced during the hydrogen generation. Material 
selection for this photo-electrode affects the efficiency of hydrogen production in the 
PEC. The following section of this chapter will discuss this photo-electrode in more 
detail.  
B. BACKGROUND  
The desire to increase the understanding and application of hydrogen production 
as a clean source of energy is not novel. A number of research endeavors have focused on 
developing ways to increase the efficiency and environmental sensitivity of the water-
splitting process by using visible light as an external source of energy [8]-[13]. This 
research joins these pioneers in seeking a clean and reliable way of generating energy, by 
presenting a new photo-anode for use in a PEC.  
1. Fundamentals of Hydrogen Generation through Light-driven Water-
splitting 
An in-depth review of the scientific processes at work in photocatalytic water-
splitting has been presented in [7], [14], [15]. Therefore, we limit our discussion here to a 
brief overview of the main reactions at work within the PEC.  
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Water-splitting is the separation of hydrogen and oxygen atoms from water 
molecules. The Gibbs free energy for water-splitting is positive, meaning that energy 
must be added to the system for the reaction to proceed. In the case of photo-
electrochemical water-splitting, light provides the necessary energy. The work of Abe 
[9], shown in Figure 3, illustrates water-splitting.  
 
Figure 3.  Water-splitting with a Photocatalyst. Source: [15]. 
In Figure 3, (a) illustrates how solar energy splits the water into hydrogen and 
oxygen as well as showing the possibility of recombination, which needs to be minimized 
for maximum efficiency. The water-splitting happens in a series of steps. First, the 
incoming energy needs to be absorbed by the photocatalyst (producing electrons), 
followed by a separation and movement of the charges generated within the material and 
lastly, the reaction of these charges with the water, effectively splitting it into its 
components [15]. Figure 3 (b) simply shows that in order for a material to be considered 
a photocatalyst in this reaction, its conduction band (C.B.) and valence band (V.B.) must 
have a sufficiently positive and negative potential, respectively [15]. This necessary 
potential is explained by the relationship between band gap and light adsorption onto the 
surface of the photocatalyst [7].  
Paramount to the efficiency of the PEC is the minimization of reflected (i.e., lost) 
light from the surface and the lowering of the band gap to allow the absorption light into 
the photo-electrode [7]. In this research endeavor, we focused on the introduction of 
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nickel into the TiO2 structure (doping). The aim was to produce either a solid solution or 
a NiO layer that will reduce the band gap. However, as later presented in the results, we 
believe that the outcome was actually an effective change in the photoelectrode 
morphology (nanotube diameter) that ultimately changed the material properties. As a 
result, we created a photo-anode that effectively reduced the amount of light lost from the 
surface due to reflection. 
2. Ni-doped TiO2 as a Photocatalyst 
The use of TiO2 as an electrode in water-splitting hydrogen generation was first 
discovered in 1972 by Fujishima and Honda [8]. Today, TiO2 is used as a photocatalyst 
with various alloying agents and experimental conditions and is the subject of many 
research endeavors [16]-[19]. TiO2, or titania, can be found in three different crystal 
phases based on annealing conditions: anatase, rutile, and brookite. Of these three phases, 
anatase and rutile are considered the most common forms and their photocatalytic 
properties have been studied in their un-doped state [20], [21].  
Many research studies have investigated the relationship between the TiO2 band 
gap and hydrogen production in photocatalytic water-splitting [7], [14], [15], [22]. Based 
on [23]-[26] we theorized that the addition of a thin layer of Ni (or NiO following 
annealing in air) will benefit the photocatalytic properties of TiO2 nanostructures. The 
aim was to introduce only small amounts of nickel, sufficient to create a new layer on the 
surface of the titania structure. Additionally, it has been reported that oxides provide 
good resistance to photo-irradiation, making them effective for use in a light-driven 
process [15]. Thus, the presence of NiO on the surface of the titania nanostructures would 
be advantageous to our objective. 
C. HYPOTHESIS AND CHAPTER OUTLINE 
High purity H2 can be obtained from water electrolysis; however, the photo-
electrocatalytic materials, specifically the photo-anodes, require improvements to achieve 
higher conversion efficiencies. One challenge in producing enhanced electrocatalytic 
materials is a closed control of features such as local and bulk composition, crystallinity, 
nano and microstructure morphology, and reactive surface area.  
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This study seeks to determine if new methods of fabrication for the photo-anodes 
could a) render TiO with nanometric features, known to be more reactive than bulk 
titania, and b) introduce nickel in the TiO2 structure, expecting a change in properties. 
Our hypothesis was that the addition of some form of nickel on the surface of the 
nanotube array would improve the efficiency of the anodes. The mechanism of how 
electrode performance changed was also of interest. As previously mentioned, it is 
believed that a change in band gap might be responsible for the changes in performance; 
however, in this study we were also concerned about the microstructural changes and 
determining if those could modify the efficiency of the cells. In accordance with our 
hypothesis and objectives, the chapter outline in Figure 4 is presented to capture the 
methodology and organization of our research.  
 
Figure 4.  Chapter Outline Describing Organization of Research. 
We were not able to go as far as assessing the efficiency for the water splitting 
reaction; however, we were successful in producing Ni containing TiO2 nanoarrays and 
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evaluating the samples reflectance. The later values showed dramatic improvements for 
the doped samples and are associated with modifications in the surface morphology. By 
trapping more light, it should be possible to increase the amount of solar energy available 
for the water electrolysis (water-splitting) reaction that occurs in a PEC.  
As indicated in Figure 4, this study was divided in three main sections, (Chapters 
II-IV) each focusing on a major component of our research and findings. 
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II. EXPERIMENTAL METHODS 
This chapter explains the procedures and methods employed for the fabrication of 
titania (TiO2) nanoarray samples, the introduction of nickel in those structures, their 
subsequent microstructural characterization and reflectance testing. The chapter also 
includes the suggested steps for the construction of a PEC cell required for hydrogen 
production. Figure 5 presents the general flow of our research approach for experimental 
methods. 
 
Figure 5.  Flowchart of Experimental Methods Approach. 
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The left section of Figure 5 refers to the generation of TiO2 nanostructures using 
anodization techniques. The right section of the image highlights the two main 
approaches used to introduce nickel in their structures: a) by depositing nickel directly in 




Fundamental to the goal of this research was the creation of titania (TiO2) 
nanoarrays through anodization. Additionally, the titania arrays were doped with the 
transition element, nickel, through direct deposition to study its reflectance characteristics 
and photocatalytic properties. 
1. Anodization 
We utilized anodization to grow nanostructures, specifically nanotubes, on the 
surface of titanium foils. The foils were anodized with a constant applied voltage of 
60volts for the duration of 60–120 minutes. The anodization of titanium foils has been 
the subject of multiple research articles shown in [27]-[30]; however, the method 
employed herein is derived from the works of Arias-Monje et al. in [31], [32]. 
Primarily, each foil was anodized a single time and a select number of foils were 
anodized twice. When the double anodization was performed, the tubes grown during the 
first anodization were removed using a piece of cellophane tape so that the new tubes 
could grow in their place. Then, the foil was anodized a second time immediately with no 
appreciable length of elapsed time between anodizations. Additionally, the same 
electrolyte bath was used for both stages of the double anodization.  
a. Foil Preparation 
The base material used in this research was titanium foil (GalliumSource, 99.6%), 
with a thickness of 0.05mm. This foil acted as both the anode and the cathode in the 
anodization used to grow nanostructures into the surface of the anode. The anode and 
11 
cathode were cut to dimensions of 1x3cm and 1.6x3.5cm, respectively. Figure 6 shows 
the bare cut foils before any fabrication techniques have been applied.  
 
From left to right: the anode and the cathode. 
Figure 6.  Titanium Foils Prior to Fabrication Techniques. 
Once the foils were cut to the described specifications, they were cleaned to 
ensure that no dust or debris was present on the surface when anodized. The foils were 
placed into a mixture of powder detergent and water and sonicated for 15min. After 
removal from the sonicator, the foils were rinsed with deionized water, placed into a 
beaker of ethanol, and returned to the sonicator for an additional 10min. The foils were 
dried in air and stored together in a clean specimen container. At this point, a select 
number of foils were taken for preliminary characterization in the XRD—discussed in the 
characterization section. Additionally, six foils were taken directly to be doped with 
nickel prior to anodization. This pre-anodization doping was done to explore the behavior 
of nickel during the anodization process and is discussed further in the nickel doping 
section. 
As the research progressed, an additional foil preparation step was implemented. 
One side of the foil was partially covered by a piece of cellophane tape. This was done to 
ensure that only one side of the foil (the side facing the cathode) was anodized. 
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b. Electrolyte Solution Preparation 
Once the foils had been cut and cleaned, the anodization procedure was set up 
including the preparation of an electrolyte bath for each individual run. The composition 
of the bath and conditions for anodization were taken from some of the parameters 
mentioned in work published by Arias-Monje et al. [31], [32]. The bath consisted of 
ammonium fluoride (Aldrich, 99.99%), deionized water, and ethylene glycol (Sigma-
Aldrich, 99.8%). The target amount for each bath prepared was 38grams with the 
following percentages: 0.22% ammonium fluoride (NH4F), 2.5% deionized H2O, and 
97.28% ethylene glycol. The NH4F crystals were stored under vacuum to ensure that they 
remained dry enough to interact properly in solution.  
A clean glass beaker was used as the reactor vessel for the anodizations. The bath 
was mixed directly within the reactor vessel according to the following procedure. The 
vessel was placed on a tared scale to account for its weight. NH4F crystals were added 
with a polystyrene scoop to avoid corrosion. Following the salt, the deionized water was 
carefully added using a pipet (approx. 30 drops) and the beaker was hand swirled to 
dissolve the NH4F completely. Finally, the ethylene glycol was added to the solution. The 
solution was stirred after adding half of the ethylene glycol and again after the full 
amount had been added to ensure a thorough combination of the components. Once 
mixed, the solution was used immediately for anodizations.  
c. Apparatus Set-up, Wiring, and Computer Interface 
The apparatus set-up shown in Figure 7 was used throughout the research. The 
apparatus consisted of a computer to record and control the anodization, a power supply 
to deliver the needed voltage, a multimeter to record current, a platform to hold the 
reactor vessel, a stand with alligator hook attachments to suspend the foils in the solution, 
the reactor with electrolyte bath, and a water jacket to provide insulation and temperature 
consistency to the reactor. 
The power supply and the multimeter were both connected to the computer via 
USB. These connections allowed for automated control of the experiment as well as 
detailed recording of the voltage and current as a function of time throughout the test. 
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The power supply used was the BK Precision programmable DC Power Supply (model 
XLN15010.) The software associated with the power supply allowed the anodization 
parameters to be pre-programmed including the time, voltage and current threshold. The 
multimeter used was UNI-T (model UT71B) and was set to measure mA throughout the 
experiment. The software for the multimeter on the computer recorded constant current 
measurements, which were then saved for reference.  
Counterclockwise, starting at top: a. a computer used to record and run anodization; 
b. power supply; c. digital multimeter; d. wiring to anode and cathode; e. adjustable
platform; f. reactor with electrolyte solution; g. alligator clips with foils attached; h. water 
jacket for reactor; i. enlarged image of reactor. 
Figure 7.  Image of the Anodization Set-up. 
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The stand used to hold the foils, contained a piece of Styrofoam that was provided 
for the wiring to not interfere with the hanging of the foils and placement of the reactor in 
addition to housing the alligator clips. Once the foils were attached to the alligator clips, 
they were oriented so that they hung parallel to one another. The reactor was placed in 
the center of the platform inside a shallow beaker with room temperature deionized water 
(to ensure constant temperature within the electrolyte bath.) The platform was adjustable 
so that the foils could be lowered into the solution at the beginning of the experiment and 
raised out of solution at its conclusion.  
The wiring set up shown in Figure 8 allowed the set voltage of 60 volts to be 
applied from the power supply and current to flow across the anode and cathode, causing 
nanostructures to be formed on the anode. 
The foils were held suspended above the reactor until the wiring set-up was 
complete and the test parameters were entered into the computer. Once the entire set-up 
was ready, the anodization was started from the power supply software and the reactor 
platform was raised until three quarters of the foils were submerged in the electrolyte 
solution. Care was taken not to allow the alligator clips to come into contact with the 
solution as they had a tendency to corrode.  
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Figure 8.  Circuit Wiring for Anodization. 
Once the one-hour anodization had completed, the power supply automatically 
stopped delivering a voltage and all of the data was saved. During both single and double 
anodization cases, the platform was lowered and the foils removed. Both the anode and 
the cathode were rinsed with ethanol and then allowed to dry in air. After they were 
completely dry, they were stored separately in clean sample holders. 
d. Annealing of TiO2 Nanoarrays 
Annealing of the foils was an important component of the fabrication process and 
was performed using several different methods throughout the progression of the project.  
The furnace used for the annealing process was the Lindberg Blue M lab furnace 
shown in Figure 9. A differential scanning calorimeter machine was used to determine at 
which temperature the foils should be annealed. In this case, a temperature of 400°C was 
determined and used for all furnace heat treatments in different environments. 
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From left to right: furnace and differential scanning calorimetry machine. 
Figure 9.  Heat Treatment Equipment. 
The anodized foils containing the titania arrays were annealed in a.) an argon gas 
environment and b.) an oxidizing air atmosphere. To achieve this, the foils were carefully 
placed into a ceramic boat and slid into a quartz tube furnace mount. For the argon 
treated samples the tube was sealed at both ends, with one side connected to the argon 
gas tank and the other side placed under a lab station hood to allow for venting. Once the 
furnace apparatus was set up, the furnace was heated from room temperature to 400°C in 
seven 50°C increments as a preventive measure to avoid delamination of the nanoarray, 
which could occur if not annealed gradually. The samples were held there and then 
allowed to cool slowly. After the samples had cooled completely, they were removed 
from the ceramic boat, placed into sample holders, and stored separately. 
After determining that the heating rate should be slower to achieve optimum 
results, the furnace was carefully programmed to reach a temperature of 400°C over a 
period of 3.125 hours (2 deg/min) and then hold the samples at 400°C for a period of two 
hours before cooling them down at the same rate of 2 deg/min. For the oxidizing 
atmosphere annealing treatment, conducted mainly to compare the effect of diverse 
environments in the arrays structure and composition, the furnace runs closely mirrored 
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the set-up in argon gas, except the ends of the quartz tube were left open to the ambient 
air environment. This approach was used for both single and double anodized samples. 
As before, the samples were stored separately following the annealing process.  
2. Nickel Doping 
A crucial component of this research was the doping of titanium foil and titania 
nanoarrays with the transition element, nickel. This was done by a.) adding nickel to the 
foil substrate before anodization and b.) sputtering nickel into the titania nanotube arrays 
that the anodization step generated.  
a. Sample Doping Through Nickel Deposition Prior to Anodization 
The Cressington 208 HR High Resolution Sputter Coater in Figure 10 was used to 
deposit nickel on the surface of titanium foils. In this system, nickel acted as the cathode 
and the Ti foil as the anode. The foil was affixed to the bottom of the chamber and was 
considered to be at ground or zero potential. Once the vacuum is drawn, argon is 
introduced into the chamber and an applied voltage causes the free electrons to collide 
with the Ar atoms, causing them to ionize. These positively charged argon ions, attracted 
to the negatively charged cathode, collide with the nickel target, mechanically displacing 
some of the nickel atoms. The displaced atoms then fall and deposit on the surface of the 
substrate, in this case the titanium foil.  
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From left to right: a. sample holder chamber; b. main control panel; c. density and 
thickness control; d. inside view of chamber with foils attached to glass slide. 
Figure 10.  Sputter Coater Used for Doping TiO2 Foils with Ni. 
The sputter coater shown in Figure 10, consisted of a sample holder chamber with 
Ar gas, and a main control panel that: measures the pressure within the chamber, allows 
for the chamber to be flushed, and finally the plasma to be produced. The foils were 
prepared for sputtering by being taped to a glass slide, shown in Figure 10 (d.). This 
ensured that the foils remained flat allowing for even deposition on the surface and also 
ensured that they did not move while vacuum was being drawn within the chamber.  
 Once the foils had been secured, the glass slide was placed on the bottom of the 
chamber and the chamber was closed. The sputter coater was switched on and the Ar 
valve opened. The chamber was allowed to draw a vacuum for 10min and then the 
chamber was flushed with Ar for 2–6sec. Once flushed the chamber was allowed to reach 
vacuum again for 2min. This process of flushing with argon and reaching vacuum was 
repeated twice more prior to sputtering. Once the vacuum was ready for sputtering, the 
machine was zeroed and the density programmed to that of Nickel, 8.9g/cm
3
. The nickel 
thickness was measured throughout the evolution by analysis of the resonance of quartz 
crystals within the chamber, which give off a different resonance signal based on their 
mass. The nickel layer deposited was within 2% of the targeted value. 
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After the foils had been sputtered, they kept under the vacuum for 3min. The 
machine was then turned off and the foils were removed from the apparatus after an 
additional 2min. The sputtered foils were carefully removed from the glass slide, 
ensuring that the tape did not peel off any of the sputtered Ni. The samples were stored in 
a vacuum chamber to avoid any oxidation of the thin layer of Ni.  
In the beginning phase of this research, the foils were sputtered prior to 
anodization at thicknesses of 5, 15 and 30nm. These foils were heated in the furnace to 
750°C and kept there for one hour in a gas mixture of argon and hydrogen (98% Ar, 2% 
H2) to assure that the nickel was in a metallic state, no oxides were present, and that the 
Ni diffused into the surface of the titanium foil. After being removed from the furnace, 
the specimens were kept in separate sample holders. These foils were then anodized 
following the procedure discussed in the anodization section. This approach as well as the 
expected outcomes is outlined in Figure 11. 
 
Figure 11.  Ni-doping and Annealing Approach and Schematic Diagram of the 
Expected Outcomes for Ti Foil. 
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Following the anodization and initial characterization of these foils, it was 
determined that 30nm was the optimal thickness for deposition on the titania nanoarrays 
and was used in all subsequent sample preparation. The next section discusses the 
preparation of the Ni-doped TiO2 arrays.  
b. Ni Doping of Already Existing TiO2 Nanotube Arrays 
The anodized (both single and double), doped foils were annealed in the same 
way that the un-doped titania foils were annealed. Instead of adding nickel directly to the 
titanium foil, as described in Chapter II.A., which did not produce the desired results, 
here the titanium foils were first anodized to produce titania nanoarrays, then doped with 
nickel. Initially the foils were heated in a pure argon gas environment to a temperature of 
400°C at increments of 50°C every 10min. As discussed in Chapter II.A., the annealing 
process was slowed down to a rate of 2 deg/min and was run in both argon and oxygen 
environments. The approach of doping the nanotubes, as well as the expected outcomes is 
detailed in Figure 12. 
 
Figure 12.  Ni-doping and Annealing Approach and Schematic Diagram of the 
Expected Outcomes for TiO2. 
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Table 1 provides a summary of the foils prepared for characterization illustrating 
that there were many different combinations of anodized, doped, and heat-treated foils 
fabricated during the course of the research. Each one of these samples underwent 
thorough characterization in various instruments with the aim of correctly understanding 
the fabrication process. Specifically, the control of morphology and precise repeatability 
of experiments was examined. 
Table 1.   Summary of Doped Foils Prepared for Characterization. 
Anodized Ni thickness [nm] Heat Treatment 
Pre-doping N/A* No heat treatment conducted 
Pre-doping N/A In Ar to 400°C (50°C increments) for 1hr 
Pre-doping N/A In air to 400°C (2deg/min) for 2hrs 
Pre-doping 30 In Ar to 400°C (50°C increments) for 1hr 
Pre-doping 30 In air to 400°C (2deg/min) for 2hrs 
Pre-doping (x2
+
) N/A In air to 400°C (2deg/min) for 2hrs 
Pre-doping 30 In air to 400°C (2deg/min) for 2hrs 
Post doping 5, 15, 30 No heat treatment conducted 
Post doping 5, 15, 30 In Ar-H2  to 750°C for 1hr 
*N/A in the Ni thickness category indicates non-doped TiO2 (no nickel present). 
+(x2) indicates that the sample was anodized twice. 
 
B. CHARACTERIZATION 
To achieve the most complete narrative of what occurred during the fabrication 
processes, multiple avenues of characterization where undertaken. Each different 
apparatus provided valuable information which when compiled, shed much light on the 
fabrication process for doped TiO2 nanostructures. 
22 
(1) X-Ray Diffraction (XRD) 
Every foil fabricated in this research was first characterized using a Rigaku 
Miniflex 600 X-ray Diffractometer. This instrument determined which crystalline phases 
were present in the sample. All scans were performed at the following parameters: start 
angle 5°, end angle 70°, step 0.02, speed 5deg/min. Foils were prepared for XRD analysis 
following two methods shown in Figure 13, depending on the results of the heat 
treatment they underwent. If the foils and layer of TiO2 were intact after heat treating, or 
were not heat treated, the foils were affixed to sample holders and mounted whole in the 
XRD. However, if layer with titania was not affixed to the foil, the layer was ground into 
a powder and mixed with ethanol before being deposited onto the top of a flat holder and 
mounted in the XRD. After analysis, all samples were removed and stored for further 
characterization. 
 
From left to right: mounted foil portion, powder 
prepared on holder. 
Figure 13.  Samples Mounted for XRD Analysis. 
(2) Scanning Electron Microscopy (SEM) 
The Zeiss, Neon 40, SEM was used extensively to study the morphology of the 
surface structures on the samples. A SEM uses electrons to image samples instead of 
light, achieving resolutions on the nanometric scale. Typical voltages used in analysis 
were 2keV, 5keV and 20keV. Samples were held in vacuum for at least 24hrs. before 
imaging. Prior to being placed in vacuum, the foils, or portions of the delaminated foils 
were mounted using carbon tape (a non-destructive method) to SEM sample holders 
shown in Figure 14. 
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From left to right: mounted foil portions on holder, 
portions of delaminated surface layer on holder. 
Figure 14.  Samples Mounted for SEM Analysis. 
In the case of a completely flat foil, a small scratch was made on the surface of 
the foils prior to imaging in order to dislodge some of the surface structure and enable the 
examination of their side profiles. We imaged the tops of the surface structures as well as 
the sides with magnifications varying from 250X to 45kX. Every prepared foil condition 
was examined in the SEM. 
(3) Energy Dispersive Spectroscopy (EDS) 
While the sample was in the SEM (and later the TEM), we ran EDS scans with 
the EDAX TEAM EDS to verify the chemical composition and presence of certain 
elements within the microstructure. For EDS analysis, the SEM was set to 20keV and an 
aperture of 60μm. Additionally, we obtained composition maps to assess the quantity and 
location of certain elements in the nanostructure. The maps were programmed for a dwell 
time of 300μs and run for at least 50 frames (about 20min). 
(4) Transmission Electron Microscopy (TEM) 
The FEI Technai Osiris S/TEM was used for additional imaging and EDS 
scanning of the doped and heat-treated foils. This additional characterization was done to 
more closely examine the lattice spacing of the nanostructure to determine whether the 
nickel had remained in metallic form or had become an oxide. The TEM settings were as 
follows: spot size – 3, condenser - 17μm, and high voltage – 200keV. Prior to TEM 
analysis, a small portion of the doped nanostructure containing foil was placed in a holder 
containing ethanol and then run in the sonicator for approximately one hour. This was 
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done to extract nanowires from the nanostructure to image in the TEM. When the sample 
was ready, a pipet was used to place a drop of this ethanol solution onto a slide and then 
was placed in the TEM for analysis.   
(5) Reflectance 
In addition to XRD, SEM, and EDS, reflectance tests were performed on a select 
number of foils. These tests determine what portion of incident light on a surface is 
reflected. Given the relationship between reflectance and reflectivity with the 
performance of photo electrodes [33]-[35], the data collected was taken as a measure of 
the successful performance of the newly developed doped samples. The Filmetrics F40 
thickness measurement tester, shown in Figure 15, was used to measure the surface film 
thickness and convert it to a graph of the reflectance over the visible light spectrum. The 
data received from the reflectance tests plotted reflectance (%) versus wavelength (nm).  
 
From left to right: Reflectance machine, close-up image 
showing light directed on surface of foil. 
Figure 15.  Filmetrics Reflectance Tester. 
Samples were prepared from both heat treatments performed in argon and in air. 
We performed the reflectance tests at magnifications of 10x, 20x, and 50x with most 
measurements taken at 20x. The foils were placed directly under the microscope, which 
shone a concentrated light on a very small portion of the surface. The software (used in 
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conjunction with the microscope), saved a picture of the evaluated area as well as the 
reflectance graph. Reflectance data was collected for un-anodized portions of the foil, 
anodized portions, and portions containing nickel.  
C. THE PHOTO-ELECTROCATALYTIC CELL (PEC) SETUP 
Exploring the efficiency of nickel doped TiO2 nanostructures must involve testing 
of the foils in a PEC. Thus, despite not conducting the PEC evaluation of the Ni doped 
TiO2 arrays, this research included the construction and setup of a PEC testing cell for 
future efforts to complete the H2 evolution evaluation.  
The reactor is shown in Figure 16 and consists of two chambers fitted together 
with a sealing ring. Each reactor compartment has three openings in the top. For the 
purposes of the PEC, three of those ports will be used and three will remain secured. The 
three ports are as follows: anode mount, cathode mount, hydrogen release port. Ideally, 
both the anode and cathode will be mounted in the center for ease of assembly. 
The wiring for the PEC will very closely mirror that of the anodization process. 
The only substantial deviation includes using a Keithley sourcemeter in place of the 
power supply in order to achieve very low voltages. To mount the anode, carefully attach 
the foil to the alligator clip attached to the positive (red) wire. The wire will feed through 
the small plastic sealing piece inside of the blue cap. The foil should hang down into the 
reactor, but should not be so low as to be completely submerged. The height may be 
adjusted as the solution is added. The anode (when containing nanotubes) should face the 
outside of the PEC so that as much surface area as possible is exposed to the light source. 




Figure 16.  PEC Reactor. 
Prior to assembling the cell, the electrolyte solution for the reactor must be made. 
The amount of solution depends on the size of the reactor and the height of the mounted 
anode and cathode. According to the work of Arias-Monje, the optimal electrolyte is a 
one molar KOH solution made with deionized water [31]. 
Once the solution is ready and the reactor has been assembled (the anode and 
cathode are secured.) The solution may be poured through one of the ports that will be 
secured. Care should be taken not to get any of the solution on the alligator clips as it can 
cause them to corrode. The anode and cathode should be about 2/3 of the way submerged 
in the solution. Adjust their height as necessary. Once the anode and cathode are secure 
and the solution has been added, the hydrogen sensor and light can be set-up. The light 
used should be on the steady setting and be affixed in such a way as to shine directly on 
the nanostructures. The hydrogen sensor should be affixed to the outlet on the cathode 
side of the reactor and should also be connect to the computer via the datalink software. 
Once the entire set-up is complete, the source meter and light (of known lumens) should 
be turned on and hydrogen production data can be collected. A complete image of the 
suggested apparatus set-up is displayed in Figure 17. 
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Left to right: a. reactor with solution; b. anode mount; c. cathode mount; d. hydrogen 
outlet; e. hydrogen sensor (prior to being connected to PC with datalink); f. light source. 
Figure 17.  PEC Set-up. 
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III. RESULTS AND DISCUSSION 
This chapter is dedicated to presenting and discussing the results we obtained 
from the fabrication and characterization of the nickel doped titania (TiO2) nanoarray 
samples and how they compare with un-doped samples. Figure 18 presents the structure 
of this chapter. 
 
Figure 18.  Results and Discussion Organization. 
A. FABRICATION AND CHARACTERIZATION OF ANODIZED TI FOIL 
The effects of the prepared titania nanotubes from the anodization process can be 
examined in several different ways. Here, the visual results were first examined and then 
the morphology and microstructure is examined using the various testing apparatuses 
discussed above.  
1. Visual Results  
The first results of the anodization process of titanium foils can be seen visually 
since the titanium foils change color during the process. As soon as the test is started and 
the 60 volts is applied to the circuit, bubbles are formed on the cathode as result of the 
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reduction reaction. The anode, as it is oxidized from Ti to TiO2, begins to change color 
from a mirror-like grey appearance to a yellow-gold color. The effect on both the anode 
and the cathode are shown in Figure 19.  
 
Figure 19.  Anode and Cathode during Anodization. 
As previously mentioned, the anodization process, specifically the formation of 
titania nanotubes, produces an opaque yellow tint film (the TiO2 nanostructures) on the 
surface of the anode foil, which is shown in Figure 20 and is an indication that the 
anodization was successful.  
 
Left to right: bare un-anodized foil, discoloration foil 
after anodization. 
Figure 20.  Titanium Electrode before and after Anodization Process. 
In the case of the double anodized samples, the layer of nanotubes was removed, 
revealing a mirror-like surface underneath. Once all the nanostructures had been 
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removed, the anodization was repeated with the same results as discussed above. The 
effect of the double anodization process was not able to be characterized visually as the 
single and double anodization samples looked identical.  
Once the visual appearance of the anodized foils had been noted, no other 
observations, specifically about the surface morphology and crystalline structure could be 
made without the aid of the characterization equipment detailed in Chapter II.B.   
2. Morphology and Microstructure of the Nanotube Arrays 
Results for the surface morphology and microstructure of anodized TiO2 
nanotubes produced in similar conditions, but carried out by other research groups are 
documented in [27], [28], [36]. However, all nanostructures that were produced as a part 
of this research were characterized. This was done to ensure consistency and control in 
the anodization process, provide a baseline for the results from the Ni-doped sample, and 
correlate with their optical properties.  
a. X-ray Diffraction: Crystallinity and Phases  
The foils were first characterized in the XRD, a technique that allowed the 
crystalline phases to be studied. Figure 21 shows the results of this analysis alongside the 
results for a bare piece of titanium foil for comparison.  
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Top: bare Ti foil spectrum for reference; bottom: anodized Ti foil with TiO2 nanotubes.  
Figure 21.  XRD Spectra for Bare and Anodized Titanium Foil.  
From Figure 21, the suspected results of the anodizations were validated. The top 
spectrum shows peaks that match pure Ti without any other elements for the foil before it 
is anodized. The image on the bottom shows that a form of titanium oxygen-deficient 
oxide created through the anodization process. The peaks for anatase (lines in the lower 
section from the powder diffraction database) were added to the spectrum, but we did not 
find a match for those or for rutile, which are not expected until after the foils have been 
annealed. Higher temperatures than those used during anodization (practically performed 
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at room temperature) are needed for titanium oxide to crystalize as anatase or rutile. Due 
to sample height, the spectra for the anodized foil show a shift in the peaks toward higher 
angles. Since the analyzed sample was a flat foil, foil thickness produced the shifting 
effect.  
Following the initial XRD analysis, the foils were annealed following the 
procedure discussed in Chapter II. The annealing temperature was determined from 
Differential Scanning Calorimetry (DSC) data shown in Figure 22.  
 
Figure 22.  DSC Analysis of the TiO2 Nanoarrays for Annealing Conditions. 
The thermo-gravimetric analysis shows an endothermic peak at just above 395°C, 
indicating that a different form of titanium oxide was formed. The continuous line in 
Figure 22 represents the changes in heat flow while the dotted line is the derivative of 
that signal. The later was used to identify the onset temperatures at which the main 
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changes are detected. We suspected the oxide to be the crystalline titania phase, anatase, 
which has reported photo-catalytic properties [21], [37]. Both the anatase and rutile 
phases of titania are photocatalysts and their molecular structure can be seen in Figure 23.  
 
The different Ti–O bonds in each structure are classified, according to [38]. 
Figure 23.  Periodic Structure of Anatase and Rutile TiO2. Source: [39]. 
Although rutile and anatase have similar properties, rutile is typically formed at 
higher temperatures [36]. To produce the rutile crystalline phase of titania, the annealing 
would have had to occur at an elevated temperature. Since for the purposes of our 
research the array simply needed to be crystallized, we determined that 400°C was a 
sufficient annealing temperature.    
Once the heat treatment was complete, the foils were again looked at in the XRD 
to determine the success of the treatment. Figure 24 shows the XRD results for the 
annealed foils, for both the argon and air environments.  
35 
 
Top: TiO2 annealed in argon; bottom: TiO2 annealed in air. 
Figure 24.  XRD Spectra for Annealed TiO2 Foils.  
The XRD results show that in for both foils annealed in argon and in air, anatase 
was produced. These finding are consistent with the published binary phase diagram for 
Ti-O, stating that anatase will be produced from TiO2 structures at temperatures above 
400°C [40]. 
Similar results were seen for the double anodized foil, shown in Figure 25. In this 
case, XRD spectra were only taken after the annealing process, as it was assumed that the 
double anodization would not change the crystalline phases present in the sample. As was 
the case in the single anodized sample, the anatase crystalline phase of TiO2 is seen.  
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Figure 25.  XRD Spectrum for Double Anodized and Annealed TiO2 Foils.  
b. SEM: TiO2 Surface Morphology and Nanotube Diameter Effects 
(1) TiO2 Surface Morphology 
In addition to XRD, the samples were characterized in the SEM and EDS. This 
was done to characterize the surface morphology of the nanostructures formed. As the 
magnification is increased on the sample, the porous nature of the surface becomes 
apparent, indicating that the tubes were formed. Figure 26 shows the tube openings from 
the top of the array. 
 
Left to right: single anodization; double anodization. Images taken at 2kV, 10kX. 
Figure 26.  Top View Comparison of Single and Double Anodization. 
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Figure 26 captures both the single and double anodized samples. The sample, 
which underwent double anodization, has a much more ordered surface due to the imprint 
left from the first anodization. The single anodization sample was used to determine tube 
length and diameter for the tubes produced in our anodization set-up. Figure 27 shows 
sections of the nanostructure that were displaced when the scratch was made into the 
sample.  
 
Left to right: image taken at 2kv, 3kX; image taken at 2kV, 10kX. 
Figure 27.  Titania Nanotubes Profiles with Length Measurement, Imprint Shown in 
Background. 
Figure 27 shows the tightly packed nature of the nanoarray as well as tendency of 
the array to break when disturbed. From the nanoarray cross-sections, the average length 
of the tubes was measured to be 9.811μm. Additionally, Figure 27 shows the 
aforementioned dimple-like imprint left when the tubes are dislodged from their place on 
the surface. It is this imprint that the method of double anodization is based on, supposing 
the tubes to grow in a more ordered fashion following the guide of the imprint [31]. 
Figure 28 shows the top and bottom of the nanotubes at a high magnification, 
which enabled us to study the different portions of the array. While the top of the array is 
porous (all of the tubes being opened), the bottom of the array shows the tubes to be 
closed off. From the images and diameter measurements (discussed next), the bottom of 
Imprint 
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the nanotube is shown to be larger than the top, meaning that the tubes from the second 
anodization grown from the imprint could have a slightly larger average diameter.  
 
Left to right: top of nanotube array (2kV, 43kX), bottom of nanotube array (2kv, 30kX). 
Figure 28.  Titania Nanotube Surface with Tube Diameter Measurements. 
(2) Nanotube Diameter Size Effects 
SEM inspection of the anodized titania surface revealed a non-uniform size 
distribution of the tube diameters. The areas in which the tube diameters are smaller 
appear darker when imaged while the brighter areas were found to have a larger diameter. 
We suspected that heat-treated foils have a smaller average diameter of the array since 
the tubes effectively sinter when annealed. Two representative images of the top of the 
nanoarray, before and after annealing, were analyzed in ImageJ using a process described 




Figure 29.  Diameter Distribution of the TiO2 Nanoarray before and after Annealing. 
Figure 29 confirms that the diameters are not uniform within the foil and have a 
dispersion that is commonly observed in the generation of nanostructures. The standard 
deviation from the mean in both cases is close to 15nm, which is more than a 10% 
difference from the mean. Additionally, a significant reduction in overall diameter occurs 
after annealing. The histograms in Figure 29 give strong support for the sintering of the 
tubes during annealing and show that the mean diameter decreases from 108nm to 70nm. 
Other analysis shows that the bottom tube diameter is larger than that of the top and the 
average value calculated was 130nm. The average wall thickness of the nanotubes was 
determined to 11nm.  
In addition to the difference in tube diameter, SEM imaging showed the tubes to 




Figure 30.  Non-uniform Size of Nanotube Diameters and Patterned Nature. 
Figure 30 demonstrates the effect anodizing has on the surface of the titanium foil 
in all our samples. The image shows a variation in diameter size and well as the patterned 
nature of the nanoarray, enlarged in cutout to the right of the image. For comparison with 
data in the literature, we found that according to [41] and [42] ion bombardment 
techniques, such as ion beam sputtering, will produce a similar pattern (usually 
hexagonal) within the arrays when the substrate is rotated. The results with ion beam 




Left to right: A well-ordered hexagonal array of nanoholes produced by normal-
incidence bombardment of Ge, Nanorods of Al in a Si thin film produced by 
magnetron sputtering. 
Figure 31.  Examples of Patterns Produced by Ion Bombardment Technique 
Adapted from [43]. 
We theorize that a similar, but not identical, effect occurs on the titanium foil 
during anodization, producing rotating electric currents that are responsible for the 
patterning and size differences in the tubes.  
Figure 32 shows optical microscopy results, which confirm the non-uniformity of 
the nanoarray and the presence of brighter and darker portions, which as discussed earlier 
correlate to diameter size. 
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Scale bar is 50 microns. 
Figure 32.  Optical Microscope Image Showing Differences on the Nanoarray 
 Surface (after Annealing). 
From the optical images, we determined that there was also a correlation between 
the location of the cracks on the surface and the size of the nanotubes. Areas in which 
there are smaller tubes (darker portions) are found in-between the cracks. This suggests 
that the difference in tube diameter as the material is annealed, could led to some areas of 
increased compressive stress while other portions of the array experience increased 
tensile stress, causing the tubes to crack. This effect will be revisited in Chapter III.D., 
when surface reflectance is discussed.  
Our single and double anodization results correlate well with other published 
findings in similar testing conditions with titanium and titanium alloys. We reported that 
during the second anodization, new nanotubes grew from the imprint, which matched 
with the findings of Arias et al. [31], [32]. Additionally, the values we measured for 
nanotube diameter and length were consistent with the current literature which have 
documented a wide range of nanotube parameters based on concentration of electrolyte 
solution, voltage, current and anodization time [28], [36], [44]. However, no one has 
previously reported the diameter distributions that produced the patterns here reported.  
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B. FABRICATION AND CHARACTERIZATION OF NI-DOPED TI METAL 
FOIL 
This section is devoted to the Ti foils, which were directly doped with Ni and then 
annealed in an Ar/H2 mixture prior to anodization. These foils were characterized using 
XRD, EDS, and SEM. Please see Part C of this chapter for results detailing the Ni doping 
process. 
1. SEM and EDS Results of Direct-doped Foil Anodization
Once the foils had been annealed to combine the Ni and Ti, they were anodized in 
the same way as the un-doped TiO2 foils. The anodization results for all three thicknesses 
(5, 15, 30 nm) varied very little. Figure 33 shows the nanotubes formed from the top 
down for the 5nm and 30nm case. These tubes were produced using a single anodization 
approach, explaining their disordered appearance. The nanotubes produced in this step 
exhibited a similar appearance to the titania nanotubes discussed previously.  
Left to right: a. 5nm Ni, 10kX; b. 5nm Ni, 20kX; c. 30nm Ni, 10kX; d. 30nm Ni, 
20kX Images taken at 2kV. 
Figure 33.  Foil Sputtered with Ni, HT Ar/H2, Anodized to Obtain TiO2 Nanotubes. 
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Following SEM imaging of the nanotubes, their Ni composition was evaluated. 
This was done first in the EDS and then confirmed in the XRD. Figure 34 shows the EDS 
spectra for the 5nm Ni and 30nm Ni case.  
 
Top: 5nm Ni; bottom: 30nm Ni. 
Figure 34.  EDS Spectra for Direct-doped, Anodized Ti Foils. 
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In both the case of the 5nm and the 30nm direct-doping of Ni, there is no nickel 
peak on the EDS spectra indicating the absence of nickel from the surface of the foil. If 
nickel was present we would expect to see it near the top of the tubes and at a value of 
7.4keV (where the blue arrow is on the figure). From these results, the sample was 
analyzed in the XRD to see if the Ni had formed an oxide while it was resting on the 
sample and to determine what had occurred in the case of the doped Ni.  
2. XRD Phase Characterization of Direct-doped and Anodized Foils
XRD scans were taken at several stages during the fabrication process to gain an 
understanding of how the phases present throughout the process. As in the preceding 
section, the 5nm and 30nm thicknesses of direct-doped nickel will be discussed. Here 
three scans were run on each sample: after sputtering, before annealing, and after 
anodization. Figure 35 contains the XRD scans for both samples.  
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Figure 35.  XRD Plots for Direct-Doped Samples Prior to Annealing. 
Figure 35 holds the plots for the 5nm and 30nm layer of Ni prior to annealing in 
Ar/H2 mixture. We found that the results varied only slightly between these two 
thicknesses. As shown for both the 5 and 30nm samples, nickel oxide (NiO) rather than 
metallic nickel was present on the surface. The nickel likely contained small amounts of 
NiO when it was sputtered onto the foil and then the remaining surface layer, due to its 
small thickness oxidized in room temperature. As a result, for all further sputtering 
preparations, the samples were stored in vacuum to avoid the small layer of Ni oxidizing 
prior to anodization. After the samples were annealed XRD scans were collected and are 





Figure 36.  XRD Plots for Direct-Doped Samples after Annealing. 
Figure 36 shows the samples after they had been annealed in Ar/H2 to combine 
the Ni and Ti. These results show that the objective was accomplished as NiTi is present 
in both cases. NiO as well as rutile, a crystalline phase of TiO2 formed at high 
temperatures, are present in the 30nm sample. Since the sample was annealed to 750°C 
and there was oxygen present on the surface, it is likely that some rutile could have been 





Figure 37.  XRD Plots for Direct-Doped Samples, HT in Ar/H2 after Anodization. 
Figure 37 shows the resultant scans after the annealed foils had been anodized. 
For both cases forms of titanium and titanium oxide were found. In the case of the 30nm 
layer, there were possible matches for NiO as well as NiTi, however, these peaks are very 
close to that for TiO2 and it is therefore difficult to determine which phases are present. 
Since the EDS did not support the presence of nickel on the surface, the peaks were 
determined to belong to TiO, and not NiO or NiTi. The schematic diagram in Figure 38 





Figure 38.  Fabrication of Ni-doped Titanium Foils. 
Figure 38, similar to Figure 11 presented in Chapter II, describes the process by 
which the Ni-doped Ti samples were fabricated. After the annealing step, NiO was 
formed, but only in a very thin layer which sat on the surface of the nanoarray. Thus, 
when anodization occurred in step 4, it was very easy for the layer to be etched away. 
Although we theorized that the material in between the tubes would be a form of NiO or 
NiTiO, the results show that the layer was too thin to survive the anodization process. 
Thus, the direct doping method did not produce the desired Ni integration in the 
nanostructure and, in lieu of further testing, this method was discontinued and the 
sputtering was introduced at a later step, discussed next. 
C. FABRICATION AND CHARACTERIZATION OF NI-DOPED TIO2 FOIL 
This section contains the results found from the samples that were anodized prior 
to nickel-doping through sputter deposition. Presented are morphology and 
microstructure results from the anodization, sputtering, and subsequent heat treatments 
performed in both argon and air environments using SEM, EDS, XRD, and TEM. 
1. Results of Ni Deposition on TiO2 Arrays 
After anodization as discussed in Chapter III. A., the foils already containing the 
TiO2 arrays were doped with a 30 nm layer of Ni using a sputter coater. Figure 39 shows 
the results of the nickel doping.  
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Left to right: a. Ni plasma generated; b. foils being sputtered; c. foil before sputtering; 
d. foil after sputtering. 
Figure 39.  Ni-doping of TiO2 Foils. 
Figure 39 shows the plasma (a.) being generated as the Ni is bombarded with ions 
and falls to the foil surface. The foils spin on the bottom of the chamber (b.) and are thus 
doped evenly with 30nm of nickel. The right hand side of the figure shows one of the 
foils both before (c.) and after (d.) the nickel sputtering. Before the sputtering takes place 
the TiO2 formed from the anodization process has a yellowish color, the nickel surface, 
however, has a much darker and somewhat metallic appearance.  
 Once the sputtering was complete, the foils were imaged in the SEM to examine 
how the nickel had settled on the surface of the nanotube arrays. We were very interested 
in whether the nickel had obscured the tubes, or whether some had deposited into the 
tubes, leaving some pores open. Figure 40 shows the surface of the tubes with the Ni.  
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Left to right: image taken at 2kV, 10kX; image taken at 5kv, 15kX. 
Figure 40.  SEM Images of the 30nm Ni Layer on the Top of the Nanotube Array. 
The left-hand image of Figure 40 shows that the top of the tubes is partially, but 
not fully, covered by the thin layer of nickel. The image on the right displays a portion of 
the foil where a ‘wall’ of tubes can be seen with the nickel on the surface. Similar images 
showed that the nickel had deposited in such a way as to not completely close off the 
nanotube array. For the doped foils to achieve our goal of being an effective photo-
catalyst, the tops of the tubes needed to be open to trap the incoming light. If the nickel 
had capped the tubes, this objective would not have been met and the process would have 
needed to be altered. Since the nickel deposited in a favorable way, the foils were then 
annealed to obtain the crystalline Anatase phase as discussed in Chapter III.A. 
2. Doped Nanoarrays Annealed in Argon and Air  
As mentioned in Chapter II, the annealing of the doped titania arrays happened in 
two different environments: argon and air. Additionally, the rate of heating was different 
between the cases. Initially, the arrays were annealed in argon with a heating rate of 50°C 
every 10min to 400°C.  
a. SEM and TEM Imaging: Appearance of Nickel on the Surface of the 
Nanoarrays 
The doped-titania foils, after being annealed were studied in the SEM to 
determine how the nickel had interacted with the surface of the foil. Figure 41 displays 
the results for the sample annealed in argon. 
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Left to right: image taken at 20kv, 5kX; image taken at 20kV, 10kX. 
Figure 41.  TiO2 Arrays with 30nm of Nickel, HT in Argon to 400°C. 
The right-hand image in Figure 41 shows that the heat treatment did not cause the 
nickel to obscure the opening of the nanotubes. However, the image on the left shows 
that there were portions of the surface where the nickel layer delaminated, revealing the 
bare titania array. This observation was confirmed with EDS mapping in the TEM shown 
in Figure 42. 
 
Figure 42.  EDS Mapping in the TEM of Ni-doped TiO2 Nanostructures. 
The nickel (shown in yellow) is present on the surface of the nanoarray as a thin 
and independent layer. Meaning that the nickel sputtered onto the surface and then 
annealed; it does not become part of the structure. In the TEM mapping, the nickel map 
shows that the nickel layer has peeled away from the nanotubes and is sitting alone. This 
peeling off of the nickel was determined to be due to the rate of heating, thus for 
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subsequent runs, the rate was lowered to 2 deg/min. SEM images shown in Figure 43 
reflect the lower heating rate in an environment of air for both single and double 
anodization.  
 
Left to right: single anodization, image taken at 2kv, 10kX; double anodization, image 
taken at 2kV, 15kX. 
Figure 43.  TiO2 Arrays with 30nm of Nickel, HT in Air to 400°C. 
Unlike the samples annealed at a faster rate in argon, the samples in Figure 43 
showed less delamination of the nickel layer from the surface of the nanoarrays. Like in 
the case of the sample annealed in argon, the nickel did not completely cover the tops of 
the tubes. The double anodized sample (shown on the right) shows a highly ordered array 
with the nickel not obscuring the tubes. Again, the porous surface with tubes open is 
desirable due to the proposed use of this sample as a photo-electrode.   
The tubes sinter when annealed, revealing an ordered array of Ni-doped 
nanotubes. The presence of nickel on the surface further decreased the diameter of the 
nanotubes, as shown in Figure 44.  
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Figure 44.  Diameter Distribution of the Ni-doped TiO2 after Annealing. 
Figure 44 shows that with the addition of nickel on the surface of the tube the 
mean tube diameter is 40nm. This is almost a 50% reduction in size from the annealed 
TiO2 arrays, which had a mean diameter of 70nm.  
b. EDS Mapping: Location of Nickel within the Arrays 
The next step undertaken was to determine if the nickel had diffused down into 
the tubes forming a solid solution, or if it had remained on the surface as an independent 
layer. The mapping feature on the EDS in the SEM was used to accomplish this and the 
results are shown in Figure 45.  
55 
 
Figure 45.  EDS Maps of Nanoarray Cross-section. 
From the element mapping shown for the nanoarray cross-section in Figure 45, 
the nickel (shown in yellow) remained mostly in the top of the array for both the sample 
annealed in argon and the sample annealing in air. This outcome was desirable since our 
hypothesis is that the addition of nickel on the surface of the tubes might change bad gap 
or decrease their reflectivity (accepting and trapping more light) and thus increase the 
efficiency of the photo-anode.  
c. XRD Characterization to Determine Nickel Phases 
After determining that Nickel was present on the surface with both SEM and 
EDS, the annealed foils were characterized in the XRD to determine the phases of nickel 
present. XRD results are contained in Figure 46.  
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Figure 46.  XRD Plots for Ni-doped Titania Samples, HT after Anodization. 
The sample annealed in argon was analyzed in powder form, whereas the sample 
annealed in air was the whole foil, which is why the intensities in the scans are different. 
The argon sample was found to contain Anatase and metallic Ni as was expected, 
according to previous findings. The sample annealed in air, showed peaks for Anatase 
and NiO. 
D. REFLECTIVITY AND TUBE SURFACE MORPHOLOGY 
This final results section will present the pivotal findings of our research—a 
relationship between the surface morphology of the nanoarray and its surface reflectance. 






As discussed in the Chapter I.B., other research works have studied the 
relationship between a photocatalyst’s bandgap and its efficiency in producing hydrogen 
from solar energy. In this research project, we found a reduction in the reflectivity of the 
photo-anode surface, what will allow more light would be trapped for use as energy in the 
water-splitting reaction. However, as our research progressed we discovered that 
nanotube morphology, specifically tube diameter, which depended on the preparation 
conditions of the sample, was responsible for the changes in reflectivity. Furthermore, we 
found that nanotube size affected the reflectance of light from the surface of the foil 
showing the most attenuation at higher wavelengths. 
1. Reflectivity of the Bare Titanium Foil 
Following the annealing, the reflectance of the titania arrays was studied in 
comparison to the reflectance of the bare Ti foil surface. The Filmetrics Reflectance 
Tester analyzed the surface of the samples at a magnification of 20X. The results in the 
form of a plot of reflectance vs. wavelength of visible light are shown in Figure 47. 
 
Figure 47.  Reflectivity Analysis for Bare and Heat-treated Titanium Foil. 
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The initial reflectance test, in red, shown in Figure 47, analyzed a bare un-
anodized and un-annealed piece of titanium foil to be used as a reference for all other 
reflectance analysis. The reflectance of the bare foil varied slightly with increasing 
wavelengths, ranging from 28% at 450nm to 34% at 650nm. The rest of the data in 
Figure 47 is analysis of different portions of heat-treated samples. The line shown in blue 
a portion of the titanium foil that was heat treated, but did not contain nanotubes (portion 
held out of solution when anodized) or nickel (portion was covered with tape during 
sputtering.) This heat-treated part of the titanium foil, compared to the bare foil, shows a 
lower reflectance of 15% at smaller wavelengths; however, as wavelength increases, so 
does its reflectivity until it concludes at 650nm with a reflectance of 43%, noticeably 
higher than the bare foil value of 34%. 
The green and purple lines represent analysis from portions of the annealed foil 
where the TiO2 array has delaminating leaving the imprint. Due to minor differences in 
the foil surface (since the data was taken at different points) the green line shows a 1–2% 
higher reflectance throughout the whole test. The imprint containing foil shows a low 
reflectance of 3–4% at 450nm and reflectance of 25–27% at 650nm. We concluded from 
these initial results that the presence of the imprint is enough to lower the reflectance, 
from the bare foil, by 86% at low wavelengths and 24% at high wavelengths. The black 
line, presented again in Figure 52, represents the average reflectance for the heat-treated 
titanium surface, combining the results for without the imprint and with the imprint.  
2. Reflectivity of the Un-doped TiO2 Nanoarrays 
a. Angle of Anodization and its Effect on Reflectivity  
Once the bare foil reflectance testing was complete, the un-doped TiO2 arrays 
were analyzed. We will present the reflectance of the TiO2 nanoarrays as anodized in 
Chapter II; however, we also considered the possibility that the angle of anodization 
would change the reflectance of the surface. We tested this by anodizing foils at angles of 




The angle descriptions on the right present a top-down view of the anodized foils as 
placed into the electrolyte bath. 
Figure 48.  Angled Anodization Reflectance Data. 
Figure 48 displays the bare anodized foil line (in red) and the average heat-treated 
line (in blue) for reference. The other four lines: green, purple, yellow, and cyan, 
represent decreasing angles of anodization. The cyan line shows the parallel 
configuration as discussed in Chapter II. All the lines show the general trend of lower 
reflectance at lower wavelengths and higher reflectance as the wavelength increases to 
650nm. As the data shows, as the angle of anodization increased from parallel (none) to 
45°, the reflectance also increased. Thus, the original approach of anodizing with the foils 
in a parallel configuration produced the lowest reflectance overall. Therefore, we 
continued with the parallel configuration for all further tests and analysis. 
b. Reflectivity Analysis of Un-doped, Anodized Nanoarrays 
The reflectance of the TiO2 nanoarrays were analyzed in the same manner that the 
bare foil bare was. The results are presented in Figure 49. 
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Figure 49.  Reflectivity Analysis for Bare and Heat-treated Titanium Foil. 
To gain a full understanding of how the presence of TiO2 changed the surface 
reflectance, two areas were analyzed. An area where the surface was cracked, shown in 
red, and an area without cracks, shown in blue. These two lines represent the average of 
many tests to ensure the accuracy of the measurements. The black line, presented again in 
Figure 52, represents the average reflectance for the TiO2 arrays, combining the results 
for the cracked and un-cracked portions. Since cracks in the nanostructure present more 
area for the incident light to be trapped, the reflectance of cracked areas was lower. The 
cracked array had a reflectance of 7nm at 450nm and increased to 22% at 650nm, while 
the reflectance of the array without cracks was 9% at 450nm and increased with 
wavelength to 28% at 650nm. At lower magnifications, most of the nanoarray appears 
cracked as shown in Figure 50.  
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Left to right: TiO2 foil, Ni-doped TiO2 foil. Images taken at 1kX. 
Figure 50.  SEM Images Showing Cracks in the Surface of the Nanoarray. 
The SEM images show that for both doped and un-doped samples the nanoarray 
appears cracked. The cracking can also be seen with the optical microscope as shown in 
Figure 32 in Chapter III.A. Analysis of the optical image suggested that the cracking was 
due to stresses, which occurred from a difference in tube diameter as the foil was 
annealed. Here, we concluded that these cracks also contribute to the optical properties of 
the photo-anode as they trap more light.  
3. Reflectivity of the Nickel-doped Nanoarrays 
Once the microstructure and surface morphology of the doped tubes had been 
determined, the surface reflectivity was evaluated in the same way the un-doped samples 
were, by plotting reflectance (%) versus wavelength of visible light (nm). The results of 
this analysis are shown in Figure 51.  
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Figure 51.  Reflectivity Analysis for Ni-doped TiO2 Arrays. 
A wide spread of reflectance data was seen for the nickel-doped samples. Results 
are shown in Figure 51 for four different places on the array: bright areas (red), dark 
areas (blue), no cracks (green), and with cracks (purple). The bright areas yielded the 
highest reflectance, ranging from 7% at 450nm to 21% at 650nm. According to Chapter 
III.A.2. the bright areas have tubes with a larger diameter than the dark areas. The dark 
areas perform better with a reflectance of 6% at 450nm increasing to 16% at 650nm. Next 
the areas with cracks and without cracks were analyzed. These places in the foil 
contained both dark and bright areas and the results in Figure 51 offer an average of all 
the values. The areas without cracks have a reflectance of 4% at 450nm to 13% at 650nm. 
As seen in the un-doped sample, the areas with cracks reflect less than the cracked areas, 
starting at 3% at 450nm and going only to 7% at 650nm. Generally, the nickel-doped 
tubes vary significantly in reflectance at higher wavelengths, but display closer values at 
low wavelengths. As was the case with other reflectance data, the black line represents 
the average reflectance for all the Ni-doped data, presented again in Figure 52. 
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4. Complete Review of Reflectivity Analysis and Correlating 
Morphology Effect  
In this final section, all of the presented reflectance testing will be combined and 
then correlated with changes in nanotube diameter. Figure 52 presents the bare foil for 
reference as well as the average results from Figures 47, 49, and 51. Each set of data is 
the result of averaging multiple tests run in identical conditions as discussed with each 
figure. 
 
Figure 52.  Comparison of Reflectance for Various Ti and TiO2 Foil Conditions. 
The top set of data (in red) shows the results for a bare Ti foil, un-anodized and 
without any annealing. The next set of data represents a foil that has been annealed after 
the tubes have delaminated leaving only the imprint. The presence of this imprint alone 
decreases the reflectivity substantially over the spectrum with values ranging from 6–
32%. The third set of data (green) represents the annealed TiO2 nanotubes, which 
decrease the reflectivity to values of 7–21% along wavelengths from 450nm to 650nm. 
The diameter distribution for the annealed TiO2 arrays has been repeated to the right of 
the reflectance results for reference. Finally, the reflectance of the Ni-doped tubes 
(purple) shows that the presence of nickel on the surface causes a decrease of 18% at 
wavelengths of 450nm and 40% at wavelengths of 650nm. The diameter distribution for 
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the Ni-doped TiO2 arrays has been repeated to the right of the reflectance results for 
reference.  
The reflectance data clearly showed that the presence of nickel on the surface of 
the nanoarrays decreased the overall reflectivity, thereby increasing its ability to trap light 
for photo-catalysis. However, from the correlating diameter distributions also shown in 
Figure 52, we concluded that it was the decrease in diameter that resulted from the nickel 
doping and not a change in the TiO2 bandgap that affected the reflectance. Figures 41 and 
42 support this conclusion since they show that the nickel remains on the surface in a thin 
layer as shown in Figures 41 and 42 and does not bond with the titania arrays.  
Since the reflectance of the Ni-doped TiO2 arrays is lower, less irradiant light will 
be lost, increasing the efficiency of the photo-anode and supporting our initial hypothesis. 
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IV. CONCLUSIONS 
A. MILESTONES ACHIEVED  
This section summarizes the milestones we achieved in both fabrication and 
characterization. Additionally, we present conclusions regarding our initial hypothesis. 
1. Fabrication 
We successfully anodized titanium foil to grow titania nanoarrays with an average 
length of 9.811μm and a mean diameter of 108nm. The nanoarrays were doped with a 
thin layer (5-30nm) of nickel using sputter deposition. Once sputtered, the foils were 
annealed in a furnace to 400°C to produce the crystalline anatase phase of titania. The 
mean diameter of the annealed Ni-doped TiO2 array was 40nm. The annealing was 
performed at the rate of 2deg/min to produce mechanically stable (no delamination of the 
nanoarray) samples. In argon annealing conditions we found Ni or an oxygen-deficient 
oxide on the surface and when annealed in air, we found NiO on the foil surface. In the 
end, we were able to successfully create Ni-doped TiO2 nanotube arrays for 
characterization and testing. 
2. Characterization  
SEM imaging determined that the synthesized arrays had a non-uniform diameter 
size, which led to internal stresses and eventual cracking of the array. Additionally, the 
nanotubes displayed a patterned appearance. We theorize this to be due to the circular 
currents within the electrolyte bath, which we believe behave similarly to an ion beam in 
ion beam etching. The arrays are more ordered after undergoing a second anodization. 
SEM and TEM analysis showed that nickel formed a thin layer on the surface of the array 
without fully covering the tube openings. XRD was used to confirm that the arrays were 
anatase and that the nickel had oxidized. No solid solution between titania and nickel was 
found. Finally, reflectance testing was performed on the synthesized foils to show that the 
presence of nickel on the surface decreased the reflectivity of incident light on the surface 
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of the foil (lowered by 40%.) The results from the reflectance test demonstrated that our 
photo-anode would trap more light for photocatalytic water splitting within the PEC.  
3. Hypothesis 
Our hypothesis was that the addition of some form of nickel on the surface of the 
nanotube array would improve the efficiency of the anodes, thus increasing the amount of 
solar energy available to produce hydrogen from water electrolysis in a PEC. Throughout 
the course of our research we generated data that supported our hypothesis; however, the 
mechanism that produced the decrease of reflectivity was different than we initially 
expected. Concisely, surface morphology (that is, nanotube diameter) and not a change in 
the TiO2 band gap, led to the decrease in reflectivity and the trapping of more incident 
solar radiation. We concluded that the surface morphology change, which occurred from 
the nickel sputtering, contributed to the reduction of the reflectance rather than a change 
in the material’s bandgap due to a solid solution of nickel and TiO2. 
B. FUTURE DIRECTIONS 
While we are pleased with our achieved milestones, we recognize the possibility 
for future advancement in the use and implementation of Ni-doped TiO2 nanoarrays for 
photocatalytic water splitting.  
1. Further Photo-anode Development 
We suggest several avenues for further research into the development of using Ni-
doped TiO2 arrays as a photocatalyst. First, the anodization parameters that control the 
tube morphology can be changed. Changing the diameter of the nanotube, as shown in 
our results, impacts the surface reflectance. Further research into how the reflectance 
changes with diameter could be done. Additionally, the sputtering thickness and 
conditions for doping the surface with nickel could be evaluated. Having a thicker layer 
of nickel could lead to a smaller overall diameter of the nanotubes, provided the nickel 
does not completely cover the tubes. Currently, we have identified that the nickel remains 
on the surface of the tubes, without becoming a part of the structure. Alternate doping 
mechanisms could be considered to create a stronger bond between the nickel layer and 
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the titania array. Furthermore, the annealing conditions could be set to higher 
temperatures, resulting in the crystalline phase of rutile instead of anatase.  
Finally, different metals could be considered for the nanotube base as well as the 
transition metal used for doping. Since there is currently no understanding on how any of 
these factors will affect surface reflectivity and eventual hydrogen production, exploring 
them constitutes productive research.  
2. PEC Integration  
A significant area for future research is in situ testing of the developed TiO2 
nanoarrays for hydrogen production. As shown in our theoretical reflectance analysis, the 
efficiency of the doped foils should be higher than that of the un-doped foils in the same 
conditions. Metal oxides in general have proven to be effective photocatalysts as detailed 
in [45], but the effect our Ni-TiO2 (or NiO-TiO2) photo-anode will have on the efficiency 
of hydrogen production in the PEC remains untested. Therefore, we recommend the 
construction of the PEC as detailed in Chapter II. C. to test the efficiency of hydrogen 
production following the procedures found in [31].  
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APPENDIX. DIAMETER SIZE CALCULATIONS 
To determine the distribution for the nanotube diameters, we used the ImageJ 
software. We looked at three representative images presented in Figure 53: TiO2 
anodized with no heat treatment, TiO2 anodized and heat treated in air and TiO2 with 
30nm nickel sputtered and heat treated in air. SEM images showing the top of the array 
were used.  
 
Figure 53.  SEM Images of Nanoarray to Determine Diameter Size. 
From these images and the subsequent analysis (presented in Chapter III.D) we 
concluded that the presence of nickel on the surface decreases the tube diameter.   
Figure 54 shows the progression used in ImageJ to determine the diameters of the 
nanotubes present for two of the samples. The top row shows the SEM pictures as loaded 
into ImageJ. Next, a binary filter was applied to the images to separate the tube openings 
from the background, the openings were then painted red for analysis. Once the images 
showed that only the tube openings were in red, the analysis was run and the diameters 
were measured. The bottom row in Figure 54 shows which entities were actually counted 





Figure 54.  ImageJ Tube Diameter Calculation Process. 
71 
LIST OF REFERENCES 
[1]  S. Zhang et al., “Hydrogen production via catalytic autothermal reforming of 
desulfurized Jet-A fuel,” Int. J. Hydrogen Energy, vol. 42, pp. 1932–1941, 
 Jan. 2017. 
[2] U.S. House. 102nd Congress, 2nd Session (1992, Oct. 24). H.R. 776, Energy 
Policy Act of 1992. [Online]. Available: https://www.congress.gov/bill/102nd-
congress/house-bill/776  
[3] A. Haryanto et al., “Current status of hydrogen production techniques by steam 
reforming of ethanol: A review,” Energy Fuels, vol. 19, pp. 2098–2106, 2005. 
[4] Hydrogen production: natural gas reforming. (n.d.) Office of Energy Efficiency & 
Renewable Energy. [Online]. Available: 
https://energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming. 
Accessed May 16, 2017. 
[5]  D. Merki et al., “Amorphous molybdenum sulfide films as catalysts for 
electrochemical hydrogen production in water,” Chem. Sci., vol. 2, 
pp. 1262–1267, 2011. 
[6]  M. Wang et al., “Recent progress in electrochemical hydrogen production with 
earth-abundant metal complexes as catalysts,” Energy & Environ. Sci., vol. 5, pp. 
6763–6778, May 2012. 
[7]  X. Chen et al., “Semiconductor-based Photocatalytic Hydrogen 
Generation,” Chem. Rev., vol. 110, pp. 6503–6570, Nov. 2010. 
[8]  A. Fujishima and K. Honda, “Electrochemical Photolysis of Water at a 
Semiconductor Electrode,” Nature, vol. 238, pp. 37–38, 1972. 
[9]  J. M. Foley et al., “Analysis of the operation of thin nanowire photoelectrodes for 
solar energy conversion,” Energy & Environ. Sci., vol. 5, pp. 5203–5220, Jan. 
2012. 
[10]  K. Rajeshwar, “Hydrogen generation at irradiated oxide semiconductor-solution 
interfaces,” J. Appl. Electrochem., vol. 37, pp. 765–787, Jul. 2007. 
[11]  T. Yeh et al., “Graphite Oxide as a Photocatalyst for Hydrogen Production from 
Water,” Adv. Funct. Mater., vol. 20, pp. 2255–2262, Jul. 23, 2010. 
[12]  R. N. Dominey et al., “Improvement of Photo-Electrochemical Hydrogen 
Generation by Surface Modification of P-Type Silicon Semiconductor Photo-
Cathodes,” J. Am. Chem. Soc., vol. 104, pp. 467–482, 1982. 
72 
[13]  Z. Chen et al., “Accelerating materials development for photoelectrochemical 
hydrogen production: Standards for methods, definitions, and reporting 
protocols,” J. Mater. Res., vol. 25, pp. 3–16, Jan. 2010. 
[14]  B. Ohtani, “Photocatalysis A to Z-What we know and what we do not know in a 
scientific sense,” J. Photochem. Photobiol., C, vol. 11, pp. 157–178, DEC, 2010. 
[15]  R. Abe, “Recent progress on photocatalytic and photoelectrochemical water 
splitting under visible light irradiation,” J. Photochem. Photobiol., C, vol. 11, pp. 
179–209, Dec. 2010. 
[16]  A. Fujishima et al., “TiO2 photocatalysis and related surface phenomena,” Surf. 
Sci. Rep., vol. 63, pp. 515–582, Dec. 15, 2008. 
[17]  G. Liu et al., “Titania-based photocatalysts-crystal growth, doping and 
heterostructuring,” J. Mater. Chem., vol. 20, pp. 831–843, Feb. 2010. 
[18]  K. Maeda and K. Domen, “Photocatalytic Water Splitting: Recent Progress and 
Future Challenges,” J. Phys. Chem. Lett., vol. 1, pp. 2655–2661, Sep. 2010. 
[19]  M. Ni et al., “A review and recent developments in photocatalytic water-splitting 
using TiO2 for hydrogen production,” Renew. Sustainable Energy Rev., vol. 11, 
pp. 401–425, Apr. 2007. 
[20]  M. Lazzeri et al., “Structure and energetics of stoichiometric TiO2 anatase 
surfaces,” Phys. Rev. B: Condens. Matte., vol. 63, pp. 155409, Apr. 2001. 
[21]  L. Kavan et al., “Electrochemical and photoelectrochemical investigation of 
single-crystal anatase,” J. Am. Chem. Soc., vol. 118, pp. 6716–6723, Jul. 1996. 
[22]  F. E. Osterloh, “Inorganic materials as catalysts for photochemical splitting of 
water,” Chem. Mater., vol. 20, pp. 35–54, Jan. 2008. 
[23] D. W. Jing et al., “Study on the synthesis of Ni doped mesoporous TiO2 and its 
photocatalytic activity for hydrogen evolution in aqueous methanol 
solution,” Chem. Phys. Lett., vol. 415, pp. 74–78, Oct. 2005. 
[24] D. H. Kim et al., “Photocatalytic activity of Ni 8 wt%-doped TiO2 photocatalyst 
synthesized by mechanical alloying under visible light,” J. Am. Ceram. Soc., vol. 
89, pp. 515–518, Feb. 2006. 
[25] Y. Ou et al., “MWNT-TiO2: Ni composite catalyst: A new class of catalyst for 
photocatalytic H-2 evolution from water under visible light illumination,” Chem. 
Phys. Lett., vol. 429, pp. 199–203, Sep. 2006. 
73 
[26] N. K. Shrestha et al., “Self-organized TiO2 nanotubes: Visible light activation by 
Ni oxide nanoparticle decoration,” Electrochem. Commun., vol. 12, pp. 254–257, 
Feb. 2010. 
[27]  W. Lee at al., “Titanium dioxide nanotube arrays fabricated by anodizing 
processes - Electrochemical properties,” J. Electrochem. Soc., vol. 153, pp. B505, 
2006. 
[28]  I. S. Park et al., “Surface characteristics of titanium anodized in the four different 
types of electrolyte,” Electrochim. Acta, vol. 53, pp. 863–870, Dec. 2007. 
[29]  A. K. Sharma, “Anodizing Titanium for Space Applications,” Thin Solid 
Films, vol. 208, pp. 48–54, Feb. 1992. 
[30]  J. Wang et al., “Formation of various TiO2 nanostructures from electrochemically 
anodized titanium,” J. Mater. Chem., vol. 19, pp. 3682–3687, 2009. 
[31]  P. J. Arias-Monje, “Photoelectrocatalytic hydrogen production with tio2 
nanostructures Formed by Alternating Voltage Anodization,” M.S. Thesis, Dept. 
de Ingenieria Quimica y Ambiental, Universidad Nacional de Colombia, Bogota, 
Columbia, 2016.  
[32]  F. J. Quintero Cortes et al., “Empirical kinetics for the growth of titania nanotube 
arrays by potentiostatic anodization in ethylene glycol,” Mater. Des., vol. 96, pp. 
80–89, Apr. 2016. 
[33]  L. Cheng et al., “Hierarchical forest-like photoelectrodes with ZnO nanoleaves on 
a metal dendrite array,” J. Mater. Chem. A., vol. 4, pp. 9816–9821, May. 2016. 
[34]  K. Li et al., “Degradation of Rhodamine B using an unconventional graded 
photoelectrode with wedge structure,” Environ. Sci. Technol., vol. 45, pp. 7401–
7407, Sep. 2011. 
[35]  Z. Xiong et al., “Silicon nanowire array/Cu2O crystalline core-shell nanosystem 
for solar-driven photocatalytic water splitting,” Nanotechnology, vol. 24, pp. 
265402, Jul. 2013. 
[36]  G. K. Mor et al., “A review on highly ordered, vertically oriented TiO2 nanotube 
arrays: Fabrication, material properties, and solar energy applications,” Sol. 
Energ. Mat. Sol. Cells, vol. 90, pp. 2011–2075, Sep. 2006. 
[37]  J. Yu et al., “One-step hydrothermal fabrication and photocatalytic activity of 
surface-fluorinated TiO2 hollow microspheres and tabular anatase single micro-
crystals with high-energy facets,” CrystEngComm, vol. 12, pp. 872–879, 2010. 
[38] J. K. Burdett et al., “Structural electronic relationships in inorganic solids - 
powder neutron-diffraction studies of the rutile and anatase polymorphs of 
74 
titanium-dioxide at 15 and 295-K,” J. Am. Chem. Soc., vol. 109, pp. 3639–3646, 
Jun. 1987. 
[39] N. H. Vu et al., “Anatase-rutile phase transformation of titanium dioxide bulk 
material: a DFT+U approach,” J. Phys. Condens. Matter, vol. 24, pp. 405501, 
Oct. 2012. 
[40] M. Cancarevic et al., “Thermodynamic description of the Ti-O system using the 
associate model for the liquid phase,” CALPHAD: Comput. Coupling Phase 
Diagrams Thermochem., vol. 31, pp. 330–342, Sep. 2007. 
[41]  R. Cuerno et al., “Nanoscale pattern formation at surfaces under ion-beam 
sputtering: A perspective from continuum models,” Nucl. Instrum. Methods Phys. 
Res., B 269(9), pp. 894–900, 2011.  
[42] S. Shipman. (2011). Nanoscale pattern formation at surfaces. [Online]. 
Available: http://www.math.colostate.edu/~shipman/Nanoscale-Pattern-
Formation-at-Surfaces.html 
[43]     R.M. Bradley. (2009). Theory of nanoscale pattern formation induced by ion 
bombardment of solid surfaces. [Online]. 
Available: http://www.physics.colostate.edu/our-people/mark-bradley/   
[44]  C. Bae et al., “controlled fabrication of multiwall anatase TiO2 nanotubular 
architectures,” Chem. Mater., vol. 21, pp. 2574–2576, Jul. 2009. 
[45] B. D. Alexander et al., “Metal oxide photoanodes for solar hydrogen 
production,” J. Mater. Chem., vol. 18, pp. 2298–2303, May 2008. 
  
75 
INITIAL DISTRIBUTION LIST 
1. Defense Technical Information Center 
 Ft. Belvoir, Virginia 
 
2. Dudley Knox Library 
 Naval Postgraduate School 
 Monterey, California 
